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We propose a new strategy for detecting the CP-violating phases and the effective mass of muon
Majorana neutrinos by measuring observables associated with neutrino–antineutrino oscillations in
π± decays. Within the generic framework of quantum ﬁeld theory, we compute the non-factorizable
probability for producing a pair of same-charged muons in π± decays as a distinctive signature of
νμ − ν¯μ oscillations. We show that an intense neutrino beam through a long baseline experiment is
favored for probing the Majorana phases. Using the neutrino–antineutrino oscillation probability reported
by MINOS Collaboration, a new stringent bound on the effective muon-neutrino mass is derived.
© 2010 Elsevier B.V. Open access under CC BY license.1. Introduction
Neutrinos are massive particles, but at present we ignore the
hierarchy of their mass spectrum. Measuring the absolute values
of these masses would provide important clues to establish the
mechanism that gives rise to neutrino masses. Currently, only in-
direct constraints from experiments can be derived on neutrino
masses by means of reasonable assumptions regarding the neu-
trino mixings and phases. In this way, neutrino mass differences
measured in oscillation experiments combined with searches in
tritium beta decays and in neutrinoless nuclear double beta de-
cays indicate that all neutrino masses are below the eV scale [1].
On the other hand, detecting CP violating phases in the lepton sec-
tor remains one of the most challenging problems in the study of
neutrino mixing. In the basis of diagonal charged lepton mass ma-
trix, the neutrino mass matrix mν can be written in ﬂavor basis
as mν = U∗mdiagν U †, where U is the PMNS mixing matrix, which
can be written as U = V · diag(1, eiα2 , eiα3). Here αi are the Ma-
jorana phases and the mixing matrix V can be parameterized by
one Dirac phase and three angles: solar angle θ12, atmospheric an-
gle θ23, and Chooz angle θ13.
As is well known, the Majorana nature of neutrinos can be es-
tablished via the observation of L = 2 processes [2]. The param-
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Open access under CC BY license.eter characterizing the rate of such transitions, the effective neu-
trino mass 〈mll〉 ≡ ∑i U2limνi , involves a combination of neutrino
masses, mixings and phases. Although it is clear that a combina-
tion of neutrino oscillation and nuclear beta decay experiments
currently provide strong constraints on neutrino masses, having
direct constraints on effective Majorana masses would be useful
to have a more complete picture of Majorana neutrinos. Actually,
it turns out that the only way to access the values of Majorana
phases is through observables associated to L = 2 transitions [1].
Note, however, that measurements of the effective electron-
neutrino mass in the neutrinoless double beta decay (0νββ) ex-
periments cannot restrict the two Majorana CP violating phases
present in the PMNS mixing matrix. The effective electron-neutrino
mass 〈mee〉 is given by
∣∣〈mee〉∣∣=
∣∣∣∣
∑
i
U2eimνi
∣∣∣∣. (1)
This effective mass parameter depends on the angles θ12 and θ13,
the neutrino masses mνi , Dirac CP phase, and Majorana phases αi .
There are several studies on using the results of (0νββ) together
with the new data from terrestrial and astrophysical observation in
order to restrict the Majorana neutrino CP violating phases [1,3,4].
However, this analysis is model dependent and quite sensitive to
the ansatz of the neutrino mass spectrum: quasi-degenerate, nor-
mal or inverted hierarchies. In this respect, it is not possible to
measure the Majorana neutrino CP phases from (0νββ) experi-
ment. This may be expected since in (0νββ) one measures the
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and two electrons, which is a CP conserving quantity [5].
On the other hand, direct bounds on other effective neutrino
mass parameters 〈mll〉 from present experimental data are very
poor. Currently, the strongest bound for the muon-neutrino case
from the K+ → π−μ+μ+ branching fraction [6] is only |〈mμμ〉|
0.04 TeV [7], which leads to a negligible constraint on the neu-
trino masses and CP violating phases. Therefore, it is commonly
believed that direct bounds from other L = 2 decays are only of
academic interest [8]; although it is possible to get strong bounds
on effective Majorana masses by combining oscillation, kinematical
and cosmological data with additional assumptions about Majo-
rana phases, the Majorana nature of neutrinos can be manifest
only by observing L = 2 processes. On the other hand, some at-
tempts to detect CP violation based on the difference between os-
cillation probabilities of neutrinos and antineutrinos can be found
in Ref. [9]. Other proposals aiming to gain access to CP-violating
phases of Majorana neutrinos using neutrino–antineutrino oscilla-
tions were ﬁrst discussed in [10–16].
Here we propose a mechanism, based on neutrino–antineutrino
oscillation, which would allow to derive a strong bound on the
effective Majorana mass of the muon-neutrino 〈mμμ〉. In addi-
tion, it provides a method for detecting the Majorana neutrino
CP violating phases through measuring the CP asymmetry of the
π± decay where neutrino–antineutrino oscillation take place. Us-
ing the preliminary bound on the neutrino–antineutrino oscillation
probability reported by the MINOS Collaboration [17], we derive a
bound on 〈mμμ〉 which improves existing bounds by several orders
of magnitude.
It is worth noting that the probability of a process associ-
ated to neutrino oscillation is usually assumed to be factorized
into three independent parts: the production process, the oscilla-
tion probability and the detection cross section. Since neutrinos
carry angular momentum, this may introduce a correlation in the
amplitude between their production and detection vertices which
eventually can invalidate the factorization hypothesis. In Ref. [18],
a generic framework based on quantum ﬁeld theory was proposed
to derive an expression for the time-dependent S-matrix ampli-
tude of neutrino oscillations which avoids the factorization ap-
proximation. In order to further test this factorization hypothesis,
we use the S-matrix method to compute the time evolution am-
plitude that describes neutrino–antineutrino conversion from the
production to the detection vertices. We also derive expressions for
the associated time-dependent CP asymmetries (see Section 2). In
Section 3 we use current bounds on the probability for neutrino–
antineutrino conversion obtained by the MINOS Colaboration [17]
in order to provide a bound on the effective Majorana mass of
the muon-neutrino. Finally, in Section 4 we summarize our con-
clusions.
2. Neutrino–antineutrino oscillation
Let us start by considering a positive charged pion which decays
into a virtual neutrino at the space–time location (x, t) together
with a positive charged muon. After propagating, the neutrino
can be converted into an antineutrino which produces a positive
charged muon at the point (x′, t′) when it interacts with a target,
as shown in Fig. 1. For the case of a heavy virtual neutrino one
would expect small propagation distances; conversely, long base-
line experiments would be sensitive to light neutrinos. In any case,
the non-observation of neutrino–antineutrino conversion can be
used to set bounds on the effective Majorana mass of the muon
neutrino.Fig. 1. Feynman diagram of the process π(p1) → μ+(p2) + νμ(p) followed by the
detection process: νl(p) + N(pN ) → N ′(pN ′ ) + μ+(pl).
For deﬁniteness, we illustrate this process with the production
of the neutrino in π+ decay and its later detection via its weak
interaction with a target nucleon N
π+(p1) → μ+(p2) + νsμ(p)
↪→ νld(p) + N(pN) → N ′(pN ′) + μ+(pl)
where the superscript s(d) refers to the virtual neutrino (antineu-
trino) at the source (detection) vertex. This |L| = 2 process is
a clear signal for neutrino–antineutrino oscillations of the muon
type and its amplitude should be proportional to neutrino Majo-
rana masses. It is remarkable that the two identical anti-muons
(μ+(p2) and μ+(pl)) are produced at very different space–time
locations, well separated in distance, thus, there is not any chance
to be confused as identical fermions, and the total amplitude does
not require to be anti-symmetrized.
If one ignores other ﬂavors, the time evolution of the νμ–ν¯μ
system would be analogous to that of the K 0–K¯ 0 or B0–B¯0
systems. Instead, we prefer to use the formalism developed in
Ref. [18], where the whole reaction includes the production and
detection processes of neutrinos. The decay amplitude becomes
(for simplicity we assume that leptonic ﬂavor is conserved at the
production and detection vertices):
Tνμ–ν¯μ (t) = (2π)4δ4(pl − pN + pN ′ + p2 − p1)
× (GF Vud)2( J NN ′)μ fπ
×
∑
i
v¯μ(pl)γ
μ(1+ γ5)/p1v(p2)
× UμiUμi(mνi )
e−itEνi
2Eνi
, (2)
where the relation νk = ∑Ukανα between ﬂavor k and mass α
neutrino eigenstates has been used, fπ = 130.4 MeV is the π±
decay constant, and J NN ′ parametrizes the interaction with the
nucleon. Note that, contrary to the case of neutrino–neutrino os-
cillations [18], only the neutrino mass term survives in this case.
For simplicity, one assumes that
( J NN ′)μ = uN ′(pN ′)γμ
[
gV
(
q2
)+ gA(q2)γ5]uN(pN) (3)
where we keep only the contributions of leading vector gV (q2) and
axial-vector gA(q2) form factors, with q = pN ′ − pN .
If we neglect terms of O (mμ/mN,N ′ ), one obtains
∣∣Tνμ–ν¯μ(t)∣∣2 = (2π)4δ4(pl − pN + pN ′ + p2 − p1)(GF Vud)4
× | fπ |2
∑
i, j
UμiU
∗
μ jUμiU
∗
μ je
−itEνi j mνimν j
4Eνi Eν j
×64(gA − 1)2mNm2μ(E2 − Ep)
×
([
1− mN
(E − E )G(gA)
]
pl · p22 p
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[
E2 − El
(
1+ m
2
π
m2μ
)]
− 1
2
(
m2μ −m2π
))
(4)
where E2(El), Ep are, respectively, the initial (ﬁnal) muon and the
pion energies and Eνi j = Eνi − Eν j . The functions F (gA) and
G(gA) are given by: F (gA) = g
2
A+1
(gA−1)2 , G(gA) =
gA+1
gA−1 . One can
easily check that Eq. (4) is not factorizable into (production) ×
(propagation) × (detection) subprocesses due to the terms pro-
portional to pl · p2 = El E2 − | pl|| p2| cosα, where α is the angle
between the directions of μ+ particles. This is an important dif-
ference with respect to the case of neutrino–neutrino (L = 0)
oscillations where it was shown in Ref. [18] that the S-matrix
formalism reproduces the hypothesis of factorization of the proba-
bilities.
In the following, we shall neglect the q2-dependence of the
nucleon form factors (namely, we take gV = gV (q2 = 0) = 1 and
gA = gA(q2 = 0) ≈ −1.27 [1]). As is well known [19], the cross
section of charged current neutrino–nucleon quasielastic scattering
is sensitive to the q2-dependence of these form factors. However,
as long as we conﬁne to the CP rate asymmetry for neutrino ↔
antineutrino oscillations (see below) we expect that the effects of
the momentum-transfer dependence of gV ,A will partially cancel
in the ratio of oscillation rates. Thus, after integration over kine-
matical variables, it is possible to write the rate of the complete
process as
Γνμ–ν¯μ =
∣∣∣∣
∑
i
U2μi
mνi
2Eνi
eitEνi
∣∣∣∣
2
F (M, φ), (5)
where F (M, φ) denotes the kinematical function
F (M, φ) = π
2Ep
(GF Vud)
4| fπ |264(gA − 1)2
×
([
I4 −mNG(gA)I5 − 1
2
(
m2μ −m2π I1
)]
m2μ
− 2mN F (gA)
[
m2μ I2 −
(
m2μ +m2π
)
I3
])
. (6)
The functions Ia for a = 1, . . . ,4 can be obtained from the follow-
ing integral:
Ia =
∫
d3p2
2E2
d3pl
2El
(E2 − Ep) faδ(Ep + EN − EN ′ − El − E2), (7)
with f1 = 1, f2 = E2, f3 = El , and f4 = (pl · p2) and f5 = (pl ·
p2)/(E2 − Ep).
There are two interesting limits for this process. At very short
times, which means that the detection is very close to the produc-
tion vertex (short-baseline neutrino experiment), one has, assum-
ing that the Eνi  Eν , that
Γνμ–ν¯μ 
|〈mμμ〉|2
E2ν
× F (M, φ) (8)
where 〈mμμ〉 is the effective Majorana mass for the muon neu-
trino. In the long time limit which corresponds to a long-baseline
neutrino experiment, the oscillation terms cannot be neglected and
this process depends on a new combination of phases, mixing an-
gles and masses which could give us complementary information
on the neutrinoless double beta decays or on any process that de-
pends exclusively on the effective Majorana mass of the neutrinos.
Using this expression for the rate it is possible to get the CP asym-
metry which will depend explicitly on Majorana phases.aCP =
Γνμ–ν¯μ − Γ νμ–ν¯μ
Γνμ–ν¯μ + Γ νμ–ν¯μ
(9)
=
∑
i> j Im(UμiUμiU
∗
μ jU
∗
μ j)mνimν j sinγ∑
i> j Re(UμiUμiU
∗
μ jU
∗
μ j)mνimν j cosγ
(10)
where γ = m223L(km)2Eν (GeV) . Here m223 is the difference in the squares
of second and third eigenstate neutrino masses, |m223| = (2.43 ±
0.13) × 10−3 eV2, and L is the distance between production and
detection vertices. Finally, Eν is the energy of the neutrino beam.
It is worth mentioning that the time evolution amplitude for the
CP-conjugate process corresponds to the observation of μ− at the
source and at the detector. Therefore, the associated nucleon weak
vertex is given by ( J N ′N )μ = uN (pN )γμ(gV + gAγ5)uN ′ (pN ′ ). In es-
timating the CP asymmetry in Eq. (10), we have assumed that
J N ′N  J NN ′ .
In the limit of θ13 = 0, the Majorana phases α1,2 are the
only sources of CP violation and hence Im(UμiUμiU∗μ jU
∗
μ j) ∝
sin(αi − α j). For i = 2 and j = 3 one ﬁnds
aCP  tan
[
2(α2 − α3)
]
sinγ . (11)
Thus, in the case of long-baseline neutrino experiment like MINOS
where the distance L is given by L = 735 km and the energy Eν
is typically around 2–3 GeV [20,21], one ﬁnds that sinγ ∼ O(1).
Thus, measuring CP asymmetry will be unavoidable indication for
large CP violating Majorana phases.
3. Application to MINOS results on neutrino–antineutrino
oscillations
The last two decades have witnessed several experiments that
investigate the neutrino–antineutrino transitions. It started in 1982
when the BEBC bubble chamber in the CERN SPS neutrino beam
set a limit on νμ → ν¯e and νe → ν¯e through the search for ν¯e
appearance. Recently, MINOS [21] has measured the spectrum of
νμ events which are missing after travelling 735 km. It is these
missing events which are the potential source of ν¯μ appearance.
In their preliminary analysis, they were able to put a limit on the
fraction of muon-neutrinos transition to muon-antineutrinos [17]:
P (νμ → ν¯μ) < 0.026 (90% c.l.). (12)
Assuming CPT, this limit can be written as
Γνμ–ν¯μ
Γνμ–νμ
< 0.026. (13)
Using our expression for Γνμ–ν¯μ , and the corresponding rate for
neutrino oscillations [18], one gets
∣∣∣∣
∑
i
U2μi
mνi
Eνi
eitEνi
∣∣∣∣
2
 0.001. (14)
In the limit of ultra relativistic neutrinos, Eνi  Eν(1 + m2νi/2E2ν),
and keeping the leading terms in the mνi/Eν terms, we get∣∣∣∣
∑
i
U2μimνi e
it
m2νi
2Eν
∣∣∣∣
2
 0.001E2ν . (15)
To illustrate the usefulness of this relation, let us consider the
general case of 3 generations. In this case, one ﬁnds
0.001E2ν 
∣∣〈mμμ〉∣∣2
− 4
∑
Re
(
U2μiU
∗2
μ j
)
mνimν j sin
2 mij L
4Eνi> j
D. Delepine et al. / Physics Letters B 693 (2010) 438–442 441Fig. 2. Region of the parametric space (α,β) for which the A(α,β) coeﬃcient is pos-
itive. The light and dark gray zones correspond to an inverted and normal hierarchy
schemes respectively.
− 2
∑
i> j
Im
(
U2μiU
∗2
μ j
)
mνimν j sin
mij L
2Eν
. (16)
Assuming that the only phases that appear in the neutrino mix-
ing matrix are the Majorana phases, it is possible to get a bound
on the effective muon-neutrino Majorana mass, only depending on
the values of the Majorana phases as the oscillation terms cannot
be neglected. In such a case, Eq. (16) can be written as:
0.001E2ν 
∣∣〈mμμ〉∣∣2
± 4 sin
(
γ32
2
)
mν2mν3
× ∣∣U2μ2U∗2μ3∣∣ sin
(
2α2 − 2α3 ± γ32
2
)
− 4 sin
(
γ21
2
)
mν2mν1
∣∣U2μ1∣∣∣∣U∗2μ2∣∣ sin
(
α1 + γ21
2
)
± 4 sin
(
γ31
2
)
mν1mν3
∣∣U2μ1∣∣∣∣U∗2μ3∣∣ sin
(
α2 ± γ31
2
)
(17)
where γi j = mij L(km)2Eν (GeV) , and the positive and negative signs refer to
normal and inverted hierarchies, respectively.
We can further neglect sinγ21 ≈ 0 such that mν1 ≈mν2 at ﬁrst
order in O(m2124Eν ) for the ﬁxed experimental parameters in MINOS,
then Eq. (17) can be written as
0.001E2ν 
∣∣〈mμμ〉∣∣2 + A(α1,α2)mν2mν3

∣∣〈mμμ〉∣∣2 (18)
where the coeﬃcient A(α1,α2) is a function of the Majorana
phases. In Fig. 2 we show the regions in which A(α1,α2) > 0
is satisﬁed for both cases of normal or inverted hierarchies, and
therefore we can ﬁnd a stringent bound on the effective Majorana
mass.
Thus, using Eν ≈ 2 GeV, one gets the following bound on∣∣〈mμμ〉∣∣ 64 MeV.
Over the excluded regions it is not possible to get a conserva-
tive bound on |〈mμμ〉| without making extra assumptions on the
neutrino mass matrix, however Eq. (16) can be used to bound Ma-
jorana parameters (masses and phases) which appear in |〈mμμ〉|.
As an example, if 0  2(α2 − α3)  π − γ /2 and assuming that
the effective muon-neutrino Majorana mass is dominated by mν2and mν3 (the two ﬂavour limit case), it is still possible to get the
following conservative bound:
∣∣〈mμμ〉∣∣ 109 MeV.
So, within the hypothesis done on Majorana phases, the lim-
its obtained improve by various order of magnitude the present
bounds on 〈mμμ〉 coming from direct searches in K+ → π−μ+μ+
decay. Clearly, these bounds lies far above the limits expected from
indirect bounds obtained from oscillation experiments and nuclear
beta and neutrinoless double beta decays. However, this is the ﬁrst
“direct” experimental limit on the effective mass of muon Majo-
rana neutrinos. The limit might be useful for constraining large
non-standard contributions. Also it is expected that some better
bounds can be obtained in the future from improved experimental
analysis and with more accumulated data sets. Note also that the
bound obtained above for |〈mμμ〉| is a factor of 3 above the triv-
ial kinematical bound mπ −mμ ≈ 34 MeV that is allowed for the
(on-shell) muon-neutrino in pion decay. However, this kinemati-
cal bound applies only to the effective mass of a lepton-number
conserving muon-neutrino (π+ → μ+νμ).
In MINOS and, in general, in all long-baseline neutrino exper-
iments, the oscillation terms are not negligible. So, it means that
such analysis could not only give us information on the neutrino
effective Majorana mass but it could be used to determine param-
eters of the mixing matrices and get bounds on the absolute value
of Majorana masses. Also, if in a long-baseline neutrino experi-
ment neutrino detectors are located at different distances from the
source, it should be possible to get enough constraints on the mix-
ing parameters and Majorana masses to ﬁx them.
A bound on the effective Majorana mass of the muon-neutrino,
which is independent of the mass hierarchies and Majorana
phases, can be obtained using the ﬂuxes of νμ and ν¯μ measured
with the near detector of the MINOS experiment [22]. Since the
near detector is located L = 1.04 km away from the target and
for neutrino energies above 1 GeV, all oscillatory terms in Eq. (5)
are equal to 1. Under the assumption that the excess of ν¯μ events
arises from νμ → ν¯μ transitions we get (note the muon-neutrino
and muon-antineutrino total cross sections induced by charged
currents are ﬂat for neutrino energies above 2 GeV [1]):
|〈mμμ〉|2
∫ dEν
E2ν∫
dEν

∫
(ΦObsν¯μ
(Eν) − ΦMCν¯μ (Eν))dEν∫
ΦObsνμ (Eν)dEν
. (19)
where ΦObs(MC)ν,ν¯ denote the observed(expected) ﬂuxes. Using the
expected and measured integrated ﬂuxes by the MINOS Collabora-
tion for the energy region 5  Eν  50 GeV, we get the following
bound:
∣∣〈mμμ〉∣∣ 2.7 GeV, (20)
which looks rather poor compared to the value reported above.
4. Conclusions
If Majorana neutrinos do exist, |L| = 2 processes like neutrino–
antineutrino oscillations can occur. The production of leptons with
same charges at the production and detection vertices of neutrinos
will be a clear manifestation of these processes. In this Letter we
have used the S-matrix formalism of quantum ﬁeld theory to de-
scribe these oscillations in the case of muon-neutrinos produced
in π+ decays which convert into muon antineutrinos that are de-
tected via inverse beta decay on nucleons.
One interesting result is that the time evolution probability of
the whole process is not factorizable into production, oscillation
and detection probabilities, as is the case in neutrino oscillations
442 D. Delepine et al. / Physics Letters B 693 (2010) 438–442[18]. We ﬁnd that, for very short times of propagation of neutri-
nos, the observation of μ+μ+ events would lead to a direct bound
on the effective mass of muon Majorana neutrinos. In the case
of long-baseline neutrino experiments, the CP rate asymmetry for
production of μ+μ+/μ−μ− events would lead to direct bounds
on the difference of CP-violating Majorana phases. Finally, using
the current bound on muon neutrino–antineutrino oscillations re-
ported by the MINOS Collaboration we are able to set the bound
〈mμμ〉  64 MeV, which is the ﬁrst direct limit on the neutrino
masses, although it is still several orders of magnitude below cur-
rent indirect bounds reported in the literature.
Future results from MINOS are expected from the analysis of
twice the data set used to get the bound reported so far [17]
and quoted in Eq. (12) above. Since current uncertainties in the
observed and expected number of ν¯μ events are dominated by sta-
tistical errors [17], we could expect only a slight improvement by a
factor 1/
√
2 on the effective Majorana mass of the muon-neutrino.
Neutrino factories may improve this bound by more than one or-
der of magnitude.
As a consequence of these results, neutrino experiments aim-
ing to measure neutrino–antineutrino oscillations with different
short- and long-baseline setups can be useful to get direct and
complementary constraints on the masses and phases of Majorana
neutrinos.
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